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Heart rate variability has been demonstrated both experi.
mentally and clinically to be of prognostic importance in
determining mortality after myocardial infarction. How-
ever, no paired studies have been reported to examine heart
rate variability before and after myocardial infarction. The
hypothesis was tested that low values of heart rate variabil-
ity provided risk assessment both before and after myocar·
dial infarction with use of an established canine model of
sudden cardiac death. Risk for sudden death was assessed 1
month after myocardial infarction by a protocol in which
exercise and myocardial ischemia were combined; dogs that
developed ventricular fibrillation were classified at high
risk for sudden death (susceptible) and the survivors were
considered low risk (resistant).
In resistant dogs, myocardial infarction did not affect
Low values of heart rate variability have been clinically
associated with increased mortality, particularly sudden
cardiac death, after myocardial infarction (1,2). This finding
is important because heart rate variability represents a
noninvasive assessment of autonomic tone, particularly car-
diac vagal tone (3), and may contribute to risk stratification
after myocardial infarction. The underlying physiologic
mechanism of decreased heart rate variability is likely to be
an alteration in the cardiac sympathetic-parasympathetic
balance, characterized by a relative sympathetic dominance
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any measure of heart rate variability: 1) mean RR interval,
2) standard deviation of the mean RR interval, and 3) the
coefficient of variance (standard deviation/RR interval). By
contrast, after myocardial infarction, susceptible dogs
showed significant decreases in all measures of heart rate
variability. Before myocardial infarction, no differences
were seen between susceptible and resistant dogs. However,
30 days after infarction, epidemiologic analysis of the
coefficient of variance showed high sensitivity and speci-
ficity (88% and 80%, respectively), predicting susceptibil-
ity. Therefore, results of analysis of 30 min of beat to beat
heart period at rest 30 days after myocardial infarction are
highly predictive for increased risk of sudden death.
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probably secondary to reduced parasympathetic actIVIty.
Indeed. heart rate variability is low in a condition such as
congestive heart failure characterized by reduced vagal and
increased sympathetic outflow to the heart (4). The resultant
low value of heart rate variability and increased mortality are
in agreement with the established arrhythmogenic role of
sympathetic hyperactivity (5-8) and with the growing evi-
dence for a protective role of vagal activity (7,9,10).
Clinical studies cannot be designed to determine whether
low heart rate variability represents a preexisting character-
istic of the individual patient or is a later modification
induced by myocardial infarction, However, this critical
question can be approached in the laboratory setting with
use of an animal model in which heart rate variability can be
examined before and after myocardial infarction, A counter-
part of this question is represented by the evidence that
depressed baroreceptor reflex sensitivity. a marker of re-
duced vagal reflexes, was shown to predict risk for sudden
cardiac death not only after (11,12) but also before (11)
myocardial infarction. This latter finding, observed in a
clinically relevant canine model for sudden cardiac death
0735-1097/90/$3.50
lACC Vol. 16, No.4
October 1990:978-85
HULL ET AL.
HEART RATE VARIABILITY AND SUDDEN DEATH
979
(13), suggested for the first time that autonomic reflexes
contain significant prognostic information even before myo-
cardial infarction. Does this observation also apply to auto-
nomic tone as measured by heart rate variability?
In this model including only conscious dogs, we evalu-
ated heart rate variability before and after myocardial in-
farction and correlated heart rate variability during both
conditions with the risk of developing ventricular fibrillation
during an acute ischemic episode produced I month after the
infarction. Preliminary results of these data were presented
elsewhere (14).
Methods
Overview. Ninety-six mixed breed male dogs (15 to 24 kg
in weight, 2 to 4 years old by dentition) free of heartworms
were conditioned for chronic study. Each dog was prepared
surgically with an anteroseptal myocardial infarction or was
sham operated. Heart rate variability was studied several
days before and 30 days after infarction. After the last heart
rate variability test, each dog was identified as being at either
high or low risk for the development of ventricular fibrilla-
tion during a submaximal exercise and transient myocardial
ischemia test.
Surgical preparation. The procedure describing the sur-
gically created myocardial infarction was presented in detail
elsewhere (13). During surgical plane anesthesia, the heart
was exposed and fatty tissue was dissected from the vessel
approximately 2 cm from the origin surrounding the circum-
flex branch of the left coronary artery. A loose-fitting (diam-
eter 3.0 to 3.5 mm) Doppler flow probe (20 MHz, Hartley)
and, immediately distally, a pneumatic vascular occluder
were implanted. To produce the myocardial infarction, the
anterior intraventricular branch of the left coronary artery
immediately proximal to the first major diagonal artery
perforator was critically stenosed for 20 min and then
permanently ligated. A catheter was implanted in the de-
scending aorta for later direct measurement of arterial pres-
sures. Before surgery, five dogs were designated as sham
controls and were prepared identically except that stenosis
and final ligation of the left coronary artery were not
performed. We strictly adhered to guidelines (National In-
stitutes of Health, American Physiological Society and
American Heart Association) pertaining to the appropriate
care and use of research animals.
Exercise and ischemia protocol. Thirty days after myocar-
dial infarction, the dogs were studied consecutively and
characterized for developing ventricular fibrillation during
an exercise and myocardial ischemia test on a motor-driven
treadmill. Briefly, each dog was exercised submaximally for
12 to 15 min while the work load was increased progressively
every 3 min (4.8 km/h at 0% grade and 6.4 km/h at grades of
0%,4%,8% and 12%) until heart rate reached a target range
of215 to 225 beats/min (13). At that time, the left circumflex
artery was pneumatically occluded for 2 min; the treadmill
was stopped after the 1st min of occlusion, while ischemia
was maintained for an additional minute. The 2 min period of
myocardial ischemia was verified by a zero flow trace signal
from the circumflex artery Doppler flow probe. The occur-
rence of ventricular fibrillation during the 2 min of exercise
and myocardial ischemia defined dogs at high risk for sudden
cardiac death (susceptible). The dogs ran with steel plates
(10 cm) that were applied transthoracically and connected to
a defibrillator (LifePack 3, Physio-Control), allowing direct
current defibrillation within 20 s of ventricular fibrillation
after the dog had lost consciousness. Dogs that did not
develop ventricular fibrillation were considered to be at low
risk and were defined as resistant to sudden cardiac death.
Mean and phasic arterial pressure (Statham P23ID), the
surface transthoracic electrocardiogram mCG), epicardial
electrogram, phasic left circumflex blood flow and beat to
beat heart rate (from the ECG signal) were continuously
transcribed on paper with use of a direct-writing oscillograph
(Beckman R-612). Blood pressure was calibrated daily
against a mercury standard and referenced to mid-chest
level. Data were obtained before exercise (dog standing on
the treadmill), during the last 20 s of each 3 min exercise
level, just before myocardial ischemia and at 30 s of ische-
mia. Additional data were taken at 56 s of ischemia (resistant
dogs only) and just before ventricular fibrillation in suscep-
tible dogs. The time point of 56 s was chosen in resistant
dogs because it corresponded to the average onset time of
ventricular fibrillation in susceptible dogs.
Heart rate variability. A few days before myocardial
infarction and then just before the exercise and ischemia
test, two 30 min ECG samples at rest were obtained on
different days in a room isolated from the exercise testing
area. The first sample of each acquisition pair served to
acclimate the dog to the recording environment and the
second ECG data set was used to calculate the predictive
and discriminative results reported here. All ECG recordings
were collected in the late morning or early afternoon without
use of sedation or physical restraint and before feeding.
After a 10 to 20 min daily transition period in the laboratory,
ECG data were obtained while the dog was quiet and lying
down but not sleeping on a padded examination table.
Specific care was taken to eliminate extraneous noise, unfa-
miliar personnel and other environmental distractions. Data
were not recorded when rectal temperature was >39°C or
the dog was judged to be behaviorally upset.
A transthoracic modified lead I surface ECG was ob-
tained with use of self-adhesive pads, amplified (Grass 7P4
H) and filtered at a low frequency (5 Hz) and digitized at 400
Hz. All digitally encoded files were analyzed with a com-
mercially available program (Corazonix). Aberrant ECG
complexes such as premature ventricular beats, electrical
noise, or other aberrant ECG signals and their adjacent RR
intervals were rejected by the software (15). The RR interval
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data were plotted as a frequency histogram distribution using
4 ms bins. Also, the mean values and the standard deviations
(SD) of the RR intervals were calculated. Because the mean
RR interval and the SD of the RR intervals are highly
interdependent (see Results), another measure of heart rate
variability was calculated, namely, the coefficient of vari-
ance, as the quotient of the SD of the mean RR interval and
the mean RR interval.
Thirty minutes ofRR interval data l1'ere analyzed with use
oftwo methods. With the first method, 60 s bins of data were
analyzed independently for all 30 min with the mean RR
interval, SD of the mean RR interval and coefficient of
variance calculated for each minute. Then, a grand mean
value of each minute was calculated by averaging the data
(RR, SD of the mean RR interval and coefficient of variance)
from all resistant or susceptible dogs. The second analysis
used the entire 30 min of data as a single bin to calculate a
single 30 min average RR, SD of the mean RR interval and
coefficient of variance. With these methods, it was possible
to examine minute by minute changes as well as the 30 min
averages comparing resistant and susceptible dogs.
Environmental acclimation. To minimize behavioral ef-
fects on measures of heart rate variability, we acclimated
each dog for a few days to the testing environment both
before and 30 days after myocardial infarction. We com-
pared the mean RR interval, SD of the mean RR interval and
coefficient of variance from the Ist with the 2nd day of data
acquisition, both before and after myocardial infarction.
Infarct size determination. At the end of the study, all
dogs were killed with an overdose of pentobarbital (100
mg/kg body weight intravenously) and the heart removed to
check for adult heartworms. Infarct size was subsequently
determined in a consecutive subset of II susceptible and 10
resistant dogs by the tetrazolium enzymatic staining tech-
nique (16). Briefly, the left ventricle was cut perpendicular to
the major axis in I cm slices and incubated at 38°C in a
buffered 5% tetrazolium blue solution. After 20 min of
incubation, the slices were removed and the infarcted area
was recognized as pale unstained tissue. Normal and in-
farcted tissues were carefully dissected and weighed. Infarct
size was expressed as a percent of total left ventricle and
septal wall mass.
Statistics. A two-way analysis of variance (classification
versus time) with repeated measures on the time variable
was used to test significance before and after myocardial
infarction (17). The effect of myocardial infarction on heart
rate variability was evaluated only in those dogs in which
data were collected both before and after myocardial infarc-
tion (susceptible n = 15. resistant n = 18), allowing internal
control analysis for paired data. One-way analysis of vari-
ance (ANOVA) was used for nonpaired group mean data and
Tukey's test used to test mean differences (17). Data are
presented as mean values ± SEM. An alpha level of 0.05 was
used to assign statistical significance.
Epidemiologic statistics were applied to the scattergram
data observed I month after myocardial infarction, predict-
ing susceptibility by calculating sensitivity, specificity and
positive predictive value (18).
Results
Ninety-six dogs entered the study. Myocardial infarction
was created in 91 dogs, but 28 (31%) died suddenly within
the next 30 days. Thirteen other dogs were not included in
the study: six were killed after myocardial infarction because
of intractable postsurgical complications, two had critical
instrumentation failure and five were behaviorally untrain-
able and would not run on the treadmill. Five dogs were
sham operated and all survived.
Exercise and ischemia test. Of the 50 dogs that underwent
the exercise and ischemia test, 25 developed ventricular
fibrillation (average time to onset 56 ± 4 s) and the remainder
survived. The mean arterial pressure response to exercise
and onset of myocardial ischemia was similar in the two
groups of dogs (Table I). Mean arterial pressure while
standing on the treadmill before exercise was not different in
the two groups (susceptible 104 :±: 4 mm Hg, resistant 101 ±
4 mm Hg) and did not change during the four exercise levels.
Thirty seconds after circumflex coronary artery occlusion,
mean arterial pressure decreased significantly (p < 0.001) in
both susceptible and resistant animals from values in the
period immediately before ischemia (susceptible 22 mm Hg
decrease, resistant 34 mm Hg decrease; p = NS susceptible
versus resistant). At 30 s of ischemia and just before ven-
tricular fibrillation, mean arterial pressure in susceptible
dogs averaged 92 ± 5 versus 74 ± 4 mm Hg in resistant dogs
(p < 0.01). Just before ventricular fibrillation, the mean
arterial pressure in susceptible dogs averaged 91 ± 4 versus
79 ± 5 mm Hg (p < 0.05) in resistant dogs at 56 s of ischemia.
The heart rate response to exercise was also similar in the
two Rr0Ups, with no difference observed either at rest or
during each exercise level, but the response to ischemia W(/S
different. The heart rate before exercise was not different
between resistant and susceptible dogs and during exercise
achieved a stable plateau throughout the four exercise
levels. When heart rate was compared at circumflex artery
occlusion with that at 30 s and then just before ventricular
fibrillation, the heart rate in susceptible dogs increased by 31
beats/min (at 30 s) and 24 beats/min Uust before fibrillation)
(p < 0.001 for both). By contrast, the heart rate in resistant
dogs was not different at 30 s and then was significantly
decreased by 12 beats/min at 56 s of occlusion (p < 0.001).
Analysis of heart rate variability after myocardial infarc-
tion. Mean RR interval and heart rate variability data for
each minute during the 30 min ECG data collection from 50
dogs I month after myocardial infarction are plotted on
graphs in Figure I. The RR interval data display a distinct
difference at each minute (p < 0.001) between the 25
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Table I. Mean Arterial Pressure and Heart Rate During Exercise and Myocardial Ischemia in Dogs
Susceptible or Resistant to Sudden Death
Exercise Level (km/hl/('7r grade) Acute Ischemia
Control 4.8/0 6.4/0 6.4/4 6.4/8 Occ 30 s VF 56 s
Mean arterial pressure (mm Hg)
Susc 104 :t 4 109 :!: 4 107 :t 3 109 :!: 4 100:t 16 114 :t 4 92 :t 5 91 :t 4
Resis 101 :t 4 107:!: 3 106:t 3 104 :t 3 104 :t 5 108 :t 3 74 :t 4 79 :t 5
NS NS NS NS NS NS
Heart rate (beats/min)
Susc 121 :t 7 190:t 5 197 :t 5 199 :t 6 198 :t 5 218 :t 5 249:t 11 242:t 12
Resis 122 :t 4 19\ :t 4 202 :t 6 203 :t 4 2\2 :t 7 224 :t 4 228 :t 8 212:t 7
NS NS NS NS NS NS
*p < 0.05 for susceptible versus resistant: tp < 0.05 for resistant at 56 s versus susceptible at ventricular
fibrillation (VF). Mean arterial pressure and heart rate in 25 susceptible (Susc) and 25 resistant (Resisl dogs
immediately before exercise (at rest on the treadmill) at progressive exercise levels (km/h)/I9(; grade) just before
myocardial ischemia induced by circumflex artery occlusion 10cc). at 30 s. just before ventricular fibrillation in
susceptible dogs and at 56 s of myocardial ischemia in resistant dogs. Values are mean values :t SEM.
Figure I. The mean RR interval (top), standard deviation of the
mean RR interval (middle) and the coefficient of variance (bottom) in
25 dogs resistant (open circles) and 25 dogs susceptible (closed
circles) to sudden death 1 month after myocardial infarction: p <
0.05 at all points.
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resistant and 25 susceptible dogs. The RR interval in sus-
ceptible dogs ranged from 580 to 660 versus 680 to 780 ms in
resistant dogs. The SD of the mean RR intervals in suscep-
tible dogs was significantly lower, ranging from 80 to 145
versus 140 to 220 ms in the resistant dogs (p < 0.0 I). The
coefficient of variance in susceptible dogs showed signifi-
cantly different minute to minute responses. ranging from
0.136 to 0.195 versus 0.201 to 0.284 ms at each minute in the
resistant dogs (p < 0.05).
A scattergram displaying the SD of the mean RR inter-
vals 1 month after myocardial infarction lIsing the entire 30
min bin instead of 1 min bins is sholl'n in Figure 2. In
resistant dogs. the variable was 77% higher and ranged from
100 to 375 ms (mean 209 ± 13) versus 70 to 215 ms (mean 118
± 9) in the susceptible dogs (p < 0.05). To allow for
calculation of epidemiologic statistics predictive of suscep-
tibility. an arbitrary discriminator was identified and calcu-
lated as the midpoint between the group mean values in this
and subsequent scattergrams. Analysis of these SD data
revealed a sensitivity of 96%. a specificity of 75% and a
positive predictive value of 80% (Table 2).
A scattergram of the mean RR inten'al data is sholVn in
Figure 2. The 30 min average of RR intervals in the resistant
dogs ranged from 550 to 980 ms (mean 746 ± 21; heart rate
81 beats/min), whereas the mean of susceptible dogs was
17% lower at 621 ± 12 ms (heart rate 97 beats/min) (p <
0.05). Susceptible dogs tended to be grouped at the lower
end of the total distribution (range 520 to 715 ms). With this
data sample, sensitivity was 80%, specificity 68% and the
positive predictive value 71% (Table 2).
The scattergram for the coefficient of variance in post-
myocardial infarction resistant and susceptible dogs is
shown in Figure 2. The resistant dogs have a significantly
higher (48%, p < 0.05) mean value of 0.277 ± 0.012 (range
0.160 to 0.375) in comparison with susceptible dogs. with a
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Table 2. Effects of Laboratory Adaptation on Predictive Statistics
Sensitivity. specificity and positive predictive value measured 30 days
after myocardial infarction on 2days using the standard deviation (SO) of the
mean RR interval (ms). mean RR interval (ms) and coefficient of variance
(Coeff of var) derived from 30 min of electrocardiographic data in 25
susceptible and 25 resistant dogs.
Figure 2. Scattergrams of the standard deviation (STD) of the mean
RR intervals (left), RR interval (middle) and coefficient of variance
(right) in 25 dogs resistant (left aspect of the diagrams) and 25 dogs
susceptible (right aspect of the diagrams) to sudden death I month
after myocardial infarction. Group mean values (±SEM) (open
circles) are displayed adjacent to the scatter data; discriminator
placed at the midpoint of group mean values; p < 0.05.
mean value of 0,187 ± 0.012 (range 0.120 to 0.355). For the
coefficient of variance data, sensitivity was 88%. specificity
was 80% and the positive predictive value was 82%
(Table 2).
Analysis of heart rate variability before myocardial infarc-
tion (Table 3). The mortality rate in the 30 day post-
myocardial infarction recovery period was 31%; therefore.
we tested the hypothesis that preinfarction heart rate vari-
ability indexes may allow identification of those dogs that
died later. The SD of the mean RR interval before myocar-
dial infarction in dogs that died versus lived was not dif-
ferent. Similar preinfarction comparisons showed no differ- RR
Oogs SO Interval Coeff of Var
Susceptible
Pre MI 226 1: 30 759 1: 42 0.288 1: 0.028
Po~t MI 106 1: 9' 621 1: 12' 0.172 1: 0.011*
Resistant
Pre MI 233 1: 30 771 1: 46 0.284 1: 0.023
Post MI 209 1: 13 746 1: 21 0.268 1: 0.016
Sham-prepared
Presurgery 221 1: 25 772 1: 24 0.281 1: 0.021
Po~tsurgery 220 1: 22 730 1: 21 0.269 1: 0.019
Table 3. Measures of Heart Rate Variability Before and After
Myocardial Infarction
'p < 0.05 for before versus after myocardial infarction. Standard devia-
tion (SO) of the mean RR interval (ms). mean RR interval (ms) and coefficient
of variance (Coeff of Var) derived from 30 min of ECG data. Data were
measured before (Pre) and 30 days after (Post) myocardial infarction (MI) in
dogs susceptible (n = 151. resistant (n = 18) or sham-prepared (n = 5) for
sudden death. Values are mean values 1: SEM.
ences for the mean RR interval or the coefficient of variance.
No apparent trends were found in the distribution data to
allow identification of dogs that died during the 30 day
post-myocardial infarction recovery period. A further com-
parison of susceptible and resistant dogs before myocardial
infarction revealed no differences in the mean values or
distribution trends for the SD of the mean RR interval, mean
RR interval or the coefficient of variance.
Effect of myocardial infarction on heart rate variability
(Table 3). Heart rate variability indexes were compared
before and 30 days after myocardial infarction in 15 suscep-
tible and 18 resistant dogs by internal control analysis. There
were significant decreases in all measures of heart rate
variability in susceptible dogs: SD of the mean RR interval
decreased 53% from 226 ± 30 to 106 ± 9 ms (p < 0.(01),
80
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Figure 3. Scatter plots of the coefficient of variance in 15 susceptible
dogs (left) and 18 resistant dogs (right) before and 1 month aft.er
myocardial infarction (MI). Groups mean values (±SEM) are dIS-
played adjacent to the respective groups; p < 0.001.
2nd, the mean RR interval increased by 11% (692 versus 767
ms), SD of the mean RR interval increased by 30% (178
versus 232 ms) and the coefficient of variance increased by
17% (0.246 versus 0.289). Similar changes were observed 30
days after myocardial infarction when the mean RR interval
increased by 9% (609 versus 664 ms), SD of the mean RR
interval increased 24% (] 23 versus 153 ms) and the coeffi-
cient of variance increased 16% (0.193 versus 0.223).
Significant differences in the predictive statistics were
observed after only 1 day of laboratory adaptation 1 month
after myocardial infarction (Table 2). The average sensitivity
(SD, RR and coefficient of variance) was 71% on the 1st
examination day and 88% on the 2nd. The average specificity
and positive predictive value were also significantly higher
on the 2nd day (sensitivity 57% versus 74%, positive predic-
tive value 63% versus 78%).
Infarct size. There were no differences in infarct size
between the two groups of dogs. The average value in the II
susceptible dogs was 13.9 ± 0.8% (range 9.5% to 19%).
whereas that in the 10 resistant dogs was 12.6 ± 1.8% (range
5% to 27%) of left ventricular mass.
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Table 4. Effect of Laboratory Adaptation on Measures of Heart
Rate Variability
Discussion
The main and novel findings of this study are briefly
summarized as follows: 1) 30 days after myocardial infarc-
tion, heart rate variability shows specific and distinct
changes in dogs susceptible to sudden death compared with
findings in the resistant dogs; 2) the standard deviation (SD)
of the mean RR interval and the coefficient of variance
individually are highly predictive of subsequent risk for
sudden death; and 3) before myocardial infarction, heart rate
variability is not useful in identifying susceptible or resistant
dogs.
The animal model. The canine model of sudden cardiac
death used in this study combines several clinically relevant
characteristics. Each dog had an anteroseptal myocardial
infarction involving 10% to 15% of left ventricular mass. The
model incorporates transient myocardial ischemia occurring
at a time of physiologically elevated cardiac sympathetic
activity in a conscious animal with a healed myocardial
infarction (13). We have previously shown (]9) that dogs
susceptible to sudden death have a higher left ventricular
end-diastolic pressure and a lower left ventricular systolic
pressure than resistant dogs. Nevertheless, ventricular fibril-
lation in this model is not the consequence of heart failure, as
indicated by the hemodynamic data presented here. Just
seconds before the onset of the lethal arrhythmia, mean
arterial pressure averaged 91 mm Hg, a level certainly
compatible with adequate myocardial and systemic perfu-
sion.
Vagal "tone" and "reflexes." There is a growing consen-
sus in laboratory and clinical studies for the acceptance of
equating heart rate variability with cardiac vagal tone. In
Coeft' of Var
0.246:t: 0.02
0.289 :t: 0.02*
RR
Interval
692 :t: 27
767 :t: 31*
so
178:t: 16
232 :t: 20*
Pre MI
Day I
Day 2
Post MI
Day I 123:t: 13 609:t: 19 0.193 :t: 0.02
Day 2 153 :t: 12* 664 :t: 16* 0.223 :t: 0.03*
*p < 0.05 for day 1versus day 2. Effects of two measurements before (Pre)
and 30 days after (Post) myocardial infarction (M!) on the standard deviation
(SO) of the mean RR interval (ms), the mean RR interval (ms) and the
coefficient of variance (Coeft' of Var) derived from 30 min electrocardiographic
recordings in the 50 dogs. Values are mean values :t: SEM.
mean RR interval decreased 18% from 759 ± 42 to 621 ± 12
ms (p < 0.001) and the coefficient of variance decreased 40%
from 0.288 ± 0.028 to 0.172 ± 0.011 (p < 0.001) (Fig. 3). In
contrast to susceptible dogs, myocardial infarction did not
affect measures of heart rate variability in resistant dogs. In
the five sham-operated dogs, there were also no differences
in any of the measures of heart rate variability before and 30
days after surgery, and all were resistant to ventricular
fibrillation during the exercise and ischemia test.
Effects of acclimation on measures of heart rate variability.
(Table 4). Several days of laboratory adaptation signifi-
cantly changed the mean RR interval, SD of the mean RR
interval and the coefficient of variance in dogs both before
and after myocardial infarction. Before myocardial infarc-
tion when the 1st day of acclimation was compared with the
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1975, Katona and Jih (20) first demonstrated the linear
relation between changes in heart period (RR interval) and
cardiac vagal tone in anesthetized animals. In human sub-
jects, several investigators (21-24) subsequently associated
measurements of heart rate variability with cardiac vagal
tone.
Our laboratory previously demonstrated (II) that barore-
ceptor reflex sensitivity, a marker of cardiac vagal reflexes,
allows risk stratification for sudden cardiac death; this
experimental finding has been confirmed by clinical studies
(12,25,26). The prognostic value of baroreceptor reflex sen-
sitivity was present not only after but also before myocardial
infarction, suggesting a predisposition toward lethal arrhyth-
mias in individuals at the lower end of the normal distribu-
tion for vagal reflex responses. In the present study, the SD
of the mean RR interval and the coefficient of variance
correctly predicted the occurrence of ventricular fibrillation
during the exercise and ischemia test in 96% and 88%,
respectively, of the dogs after myocardial infarction. By
contrast, this analysis did not discriminate between suscep-
tible and resistant dogs before myocardial infarction.
Clinical implications, The heart rate variability data re-
ported here are congruent with previous clinical reports
(1-3,22,24,27) and are in specific agreement with the reduc-
tion in heart rate variability observed in patients at high risk
for sudden death after myocardial infarction. This study
answers two important questions that clinical studies could
not address, namely, the effect of myocardial infarction on
heart rate variability and the presence or absence of prog-
nostic information before the occurrence of myocardial
infarction. Myocardial infarction affected heart rate variabil-
ity in all dogs in the susceptible group, but not in the
resistant group. Sham-prepared dogs (no myocardial infarc-
tion) also showed no surgery-related changes in any measure
of heart rate variability. The discriminatory effect of heart
rate variability was not dependent on differences in infarct
size and was not explained by the present study.
More significant are the implications of the finding that
analysis of a marker of vagal tone before myocardial infarc-
tion may not have prognostic significance. This concept is
supported by a study employing direct recording of single
cardiac vagal efferent fibers in cats. In that study (28) before
myocardial infarction, correlation with risk for ischemia-
induced ventricular fibrillation existed only for the reflex
responses to increases in arterial pressure (baroreceptor
reflex) and not for tonic activity at rest. Concordantly, in
patients with a first myocardial infarction (25), several
Holter ECG measures of heart rate variability (markers of
tonic vagal activity) were correlated with baroreceptor reflex
sensitivity (marker of reflex vagal activity), but it was found
that the former are only weak predictors of the latter. This
dissociation may well explain why in our animal model of
sudden cardiac death baroreceptor reflex sensitivity and not
heart rate variability provides prognostic information before
myocardial infarction.
Methodologic considerations. Because the SD of the
mean RR interval is highly influenced by the prevailing level
of heart rate, we also analyzed the coefficient of variance,
thereby normalizing the data for heart rate. A scattergram
analysis of the coefficient of variance revealed a greater
overlap between the two groups, but it did not appreciably
reduce the predictive power. Therefore, the lack of beat to
beat variability present in the susceptible dogs was not
simply the result of a higher heart rate at rest.
Previous studies (1-3.22) have used as much as 24 h of
Holter ECG data to determine heart rate variability, includ-
ing potential differences in physical activity, emotional effect
and the normal diurnal rhythmic heart rate variations, all of
which influence cardiac vagal tone. The present data were
computed from 30 min of heart rate measurements recorded
at rest and suggested that longer recordings might not be
necessary to gather this type of prognostic information,
provided that the recording was performed under true rest
conditions. In fact. Figure I suggests that heart rate variabil-
ity recorded for as little as I min on the ECG may already
have discriminative power. Further investigation is war-
ranted to determine whether I) heart rate variability based
on time periods other than 30 min retains epidemiologic
power, 2) time periods earlier than 30 days have equivalent
resolution for later risk stratification, and 3) transformation
into the frequency domain (23,24,27) provides data on risk
stratification before myocardial infarction.
Although dogs resistant or susceptible to sudden death
can easily be distinguished at rest (Fig. I), there are no heart
rate differences while the dogs are standing on the treadmill
just before exercise (Table I). This apparent paradox may
have important consequences for clinical heart rate variabil-
ity measurements. Clinical standards have not been clearly
defined to specifically determine how and under what con-
ditions heart rate variability data are collected and mea-
sured. Behavior is a well known modulator of heart rate that
can be altered through both limbs of the autonomic nervous
system and there may well be differences in individual
animals, with some being less acclimated to the recording
environment than others. The supposition of altered cardiac
autonomic tone in susceptible dogs, as judged by a different
heart rate, was not evident just before exercise. However, it
was clearly observed when the dogs were at rest lying down
in a quiet room. Out data suggest that heart rate variability
data should be collected in a behaviorally neutral environ-
ment where the subject is well adjusted.
However. the present study also o./Jers data supporting
the vallie of the traditional Holter recordings. because
acclimation to the recording environment was clearly dem-
onstrated. Environmental acclimation not only modified
heart rate variability values, but also significantly enhanced
the predictive power. There is a practical and pathophysio-
lACC Vol. 16. No.4
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logic counterpart to this observation. With acclimation and
during rest, sympathetic activity decreases simultaneously
with increases in cardiac vagal activity such as occurs during
nonrapid eye movement sleep. Accordingly, the correlation
between Holter measures of heart rate variability and
baroreceptor reflex sensitivity increases during the nighttime
(24).
Conclusions. We confirmed and extended the basic ob-
servations that heart rate variability measured after myocar-
dial infarction stratified risk for the development of sudden
death. The low value of heart rate variability in susceptible
dogs after myocardial infarction was not a preexisting con-
dition and no changes were observed in sham-prepared dogs.
We found that as little as 30 min of data obtained in a
behaviorally neutral environment clearly identified the risk
for sudden death.
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